We present a thermal active control over terahertz (THz) extraordinary transmission induced by a plasmon in a periodic subwavelength holes array and a patch array. Both arrays consist of high transition temperature YBCO superconductors using THz time domain spectroscopy (THz-TDS). In the periodic subwavelength YBCO holes array, we observe a transition between a virtual excitation type surface plasmon polaritons (SPP) mode and a real SPP mode accompanied with transmission amplitude modulation. This can be attributed to the c-axis Josephson plasma frequency. On the other hand, since dipole localized surface plasmon can be excited by direct optical illuminations without phase-matching techniques, we observe a transmission amplitude modulation induced by combining the normal state carriers and the superconducting carriers in the periodic subwavelength YBCO patch array. These THz superconducting plasmonic crystals hold great potential in application for extreme low-loss, large dynamic amplitude modulation, surface plasmon-based function devices.
Over the past few years, research on extraordinary transmission of light through gratings of subwavelength holes in the field of surface plasmon optics (plasmonics) has gained increasing interest from both a scientific and a practical point of view [1−3] . Plasmonics has been regarded as a candidate technology for the production of next generation chips [4] . To realize the potential, however, a great challenge in the field of plasmonics is the active control of surface plasmon polaritons (SPPs). SPP-assisted light propagation can be controlled actively through thermal, optical, and electrochemical methods in the visible and near-infrared frequency regimes [5−7] . At terahertz (THz) frequencies, semiconductors are efficient materials for active plasmonics. Through carrier injection, temperature control or optical excitation, the density of free carriers in semiconductors can be modified actively. Thermal, electronic, magnetic, and optical switching of THz SPPs has been extensively demonstrated in recent years, allowing active control of SPP resonance [8−16] . Apart from semiconductors, another candidate active material is high transition temperature superconductors at THz frequencies. This kind of superconductor is a highly anisotropic material and has multilayer superconducting Cu 2 O planes with interlayer tunneling of Cooper pairs between them, which brings about the c-axis Josephson plasma resonance (JPR). The JPR usually lies in the microwave and THz range [17] . Several theoretical papers have predicted the existence of a surface wave in high transition temperature superconductors [18−20] . In this letter, we present thermal active control over THz extraordinary transmission induced by a plasmon in a periodic subwavelength holes array and a patch array.
Both arrays consist of high transition temperature YBCO superconductors using THz time domain spectroscopy (THz-TDS). In the periodic subwavelength YBCO holes array, we observed a sharp transition between a virtual excitation type SPP mode and a real SPP mode accompanied by transmission amplitude modulation. In the periodic subwavelength YBCO patch array, we observed a sharp transmission amplitude modulation induced by a combination of the normal state carriers and the superconducting carriers.
The sample was made from a commercial (THEVA, Germany) 280-nm-thick YBCO film, which typically had an 86-K transition temperature and 2.3-MA/cm 2 critical current density grown on a 500-µm-thick sapphire substrate. Using conventional photolithographic [21, 22] exposure, we patterned a 3-µm-thick negative photoresist NR7-3000P film into the hole and patch shape on the YBCO film as a protective layer. The sample was then wet-etched in 0.04% nitric acid to remove YBCO from other parts of the wafer that did not have the photoresist protection. Lift-off in pure acetone followed. In this letter, we fabricated two samples: a holes array and a patch array (see Fig. 1 ). The 65 × 50 (µm) rectangular YBCO holes and 50 × 25 (µm) rectangular YBCO patches had the same periodicity of 100 µm.
The measurements were performed from room temperature to 77 K in a standard THz-TDS system, which consisted of four parabolic mirrors in an 8-F confocal geometry, with a useful bandwidth of 0.2-2.6 THz, a 2-mm THz beam size at waist, and an amplitude signal-to-noise ratio (SNR) greater than 3000:1. The transmitter of the system was a GaAs photoconductive switch gated by femtosecond laser beam with a repetition rate of 88 MHz, and the detector used was a ZnTe module [23] . We used a vacuum chamber with a liquid nitrogen container in tight contact with the sample so that effective cooling of the sample was possible. The transmission is defined as t (ω) = |E out (ω)/E in (ω)|, where E out (ω) and E in (ω) are the frequency-dependent amplitudes of the THz pulses transmitted through the sample and reference, respectively.
The measured normalized transmission response of the YBCO holes array and patch array at temperatures 297, 183, 133, and 86 K are shown in Figs. 1(a) and (b) , respectively. For the YBCO holes array, we observed two resonance modes at 0.85 and 1.16 THz, with peak amplitudes of 0.686 and 0.508, corresponding to the [±1, 0] mode and [±1, ±1] mode of the surface wave, respectively. With temperature decrease, the two resonance modes showed a frequency blue shift with peak amplitude increase. At the critical temperature of 86 K, the [±1, 0] resonance mode shifted to 0.88 THz, with a peak amplitude of 0.75. For the YBCO patch array, we observed a resonance minimum at 0.87 THz with a minimum amplitude value of 0.42 induced by dipole localized surface plasmon (DLSP). With temperature decrease, the resonance minimum had a frequency blue shift with minimum amplitude decrease. At the critical temperature of 86 K, the resonance minimum shifted to 0.89 THz with a minimum amplitude value of 0.31.
YBCO is an anisotropic crystal, and the anisotropic dielectric function along the ab-plane and c axis can be written as [17] 
where ω pc and ω pab are out-of-plane and in-plane plasma frequencies, respectively. The plasma frequency along the c axis is also called Josephson plasma frequency, and it usually lies in the microwave and THz ranges. YBCO is superconducting below the critical temperature. The plasma frequency along the ab plane can be directly measured from the normal incidence transmission, and we found it was close to the near-infrared regime. The surface polaritons dispersion relation in YBCO can be expressed as [24] where ε s is the dielectric constant of the surrounding substrate. This dispersion relation is uniform with that in isotropic material if ε ab = ε c , from which we can obtain the dispersion relation in the isotropic material. For YBCO ε ab = ε c , there are two cases. When the temperature is lower than the critical temperature of 86 K, there are ε ab < 0, ε c < 0, and |ε ab | >> |ε c |. The dispersion relation can be simplified as k 2 = ω 2 c 2 ×ε s . In this case, the THz wave can be coupled to a real SPP mode similar with the case in metal. When the temperature is higher than the critical temperature of 86 K, there are ε ab < 0, ε c > 0, and |ε ab | >> |ε c |. The dispersion relation can also be simplified as k 2 = ω 2 c 2 × ε s . Although the two types of cases have the same dispersion relation at the THz range, the surface mode is a virtual excitation type SPP for the second case, which only occurs at a small wave vector. Furthermore, virtual excitation type SPP must always be driven by the associated electromagnetic wave. When the associated electromagnetic wave is removed, the virtual excitation type SPP disappears at the same time [25] . From Fig. 1 , we know that the transmission resonances are all caused by the virtual excitation type SPP above 86 K.
Moreover, we discuss the conductivity of YBCO above and below the critical temperature. Above critical temperature, the normal carriers determine the conductivity described by the Drude model. When the temperature varies from room to critical temperature, the conductivity slowly increases due to the decrease of collision frequency [23] . Above 86 K, the real part of conductivity dominates since the value of real conductivity is three orders of magnitude larger than the imaginary part. Below the critical temperature, the superconducting carriers behave according to the London equation. The total conductivity is then given as a sum of the normal and superconducting components, although the superconducting carriers contribute only to the imaginary part of the whole conductivity [26] . When the temperature of the experiment is reduced below the critical temperature, the imaginary part of the conductivity increases and finally exceeds the real part. In the THz regime, non-transition metals almost had a small ratio of real to imaginary dielectric constant (−ε r /ε i << 1). In this letter, a large ratio of real to imaginary dielectric constant at THz frequencies is preferred for high transition temperature superconductors, giving it potential for application in low-loss, large dynamic amplitude modulation, surface plasmon-based devices.
Due to material imperfections, such as cracks, voids or secondary phases, we were unable to observe a sharp change at 86 K. Using the measured real conductivity at 297, 183, 133, and 86 K, and the complex conductivity from literature at 51.5 K [27, 28] , we carried out a simulation of THz transmission of the periodic subwavelength YBCO holes array and a patch YBCO array using CST microwave studio (see Fig. 2 ). For the holes array, the transmission peak amplitude caused by the virtual excitation type SPP gradually became larger due to the increase of ratio of real to imaginary dielectric constant [29] . At the superconducting state, the transmission peak caused by a real SPP nearly reached 1 with extreme low loss. The frequency blue shift was caused by the increase of real part dielectric function [13] . For the Fig. 2 . Simulation of THz transmission of (a) a periodic subwavelength YBCO holes array and (b) a patch YBCO array using CST microwave studio.
patch array [30] , due to the increase of conductivity, the transmission minimum amplitude became smaller and at the superconducting state, the transmission minimum sharply decreased dip. The frequency blue shift may be caused by patch size change due to skin depth change.
In conclusion, thermal active control over THz extraordinary transmission induced by a plasmon in a periodic subwavelength YBCO holes array and a patch YBCO array has been achieved. Sharp amplitude changes, both in the holes array and patch array, have also been observed. These THz superconducting plasmonic crystals hold potential for applications in low-loss, large dynamic amplitude modulation, surface plasmon-based devices.
